Background: Jehovah's Witness patients (Witnesses) who undergo cardiac surgery provide a unique natural experiment in severe blood conservation because anemia, transfusion, erythropoietin, and antifibrinolytics have attendant risks. Our objective was to compare morbidity and long-term survival of Witnesses undergoing cardiac surgery with a similarly matched group of patients who received transfusions.
R
ED BLOOD CELLS (RBCS) not only are in short supply but are also associated with increased morbidity and reduced survival after cardiac surgery. [1] [2] [3] Jehovah's Witness patients (Witnesses) hold beliefs that disallow blood product transfusion and therefore offer a natural experiment in severe blood conservation. Their beliefs encourage the use of a number of blood conservation practices, including preoperative use of erythropoietin and iron and Bcomplex vitamins, hemoconcentration, and minimal crystalloid use; intraoperative use of antifibrinolytics and cell-saver and smaller cardiopulmonary bypass circuits; and postoperative liberal use of additional operation for bleeding along with tolerance of low hematocrit levels postoperatively. Although some of these practices may be beneficial to all cardiac surgical patients, others are associated with well-documented morbidity, [4] [5] [6] and their effect on long-term survival is uncertain.
Although prior investigators compared immediate postoperative outcomes between Witnesses and nonWitnesses, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] comparisons of long-term survival are lacking. Comparison is hampered, however, by impossibility of randomization to religious preference or blood transfusion, typical of any natural experiment. We have therefore used propensitybased comparative effectiveness tools [17] [18] [19] See Invited Commentary at end of article to compare morbidity and long-term survival of Witnesses undergoing cardiac surgery with a propensitymatched group of patients who received transfusions.
METHODS

STUDY PATIENTS
A total of 96 162 adult patients underwent cardiac surgery at Cleveland Clinic from January 1, 1983 , to January 1, 2011. For this analysis, we excluded patients undergoing placement of ventricular assist devices, those undergoing heart transplantation, or those who required extracorporeal membrane oxygenation (n=2526 We obtained blood transfusion data along with clinical data and outcomes from the Cardiovascular Information Registry (CVIR), a prospective database updated concurrently with patient care. The CVIR receives electronic laboratory and echocardiographic data, but most of its more than 500 variables per patient are abstracted by a team of full-time nurses trained in cardiothoracic surgery or medicine. One hundred percent of outcomes are audited, and a random 10% of cases are reabstracted and data compared and adjudicated. These data form the basis for national reporting, local quality initiatives, and research. The Cleveland Clinic institutional review board approved use of these data for research, with individual patient consent waived. Baseline and perioperative factors for nonWitnesses and Witnesses are listed in eAppendix 2.
END POINTS
We considered in-hospital complications (acute complications) for which the Society of Thoracic Surgeons has provided benchmarks, including return to the operating room for bleeding, stroke, atrial fibrillation, myocardial infarction, renal failure, respiratory insufficiency, sepsis, and in-hospital death. These end points were defined according to standards of the Society of Thoracic Surgeons Adult Cardiac Surgery Database (http: //www .ctsnet .org /file /rptDataSpecifications252 _1 _ForVendorsPGS.pdf).
We determined time-related all-cause mortality by querying the Social Security Death Master File using a closing date of February 6, 2011 , and by querying follow-up data collected systematically from the CVIR. Only 1 patient (a Witness) was lost to follow-up.
Witnesses 
STATISTICAL ANALYSIS
Because neither religious preference nor receipt of blood transfusion among non-Witnesses could be randomized, we expected to find differences in the distribution of preoperative and operative characteristics of Witnesses and nonWitnesses. Using logistic regression analysis, in which being a Witness was the dependent variable, we constructed a model of the probability of being a Witness (as opposed to a nonWitness) with non-Witnesses who received transfusions, considering all preoperative and selected operative variables listed in eAppendix 3.
Initially, we used bagging to identify reliable predictors of being a Witness with random resampling and automated stepwise selection with an entry criterion of PՅ.10 and retention criterion of PՅ.05. 20 Variables or clusters of variables that entered 50% of 500 models were chosen for the final model (Breiman median rule, devised to balance type I and type II errors). During the study, new variables were introduced in 1990, 1993, and 1997. Therefore, 4 bootstrap models were run: one with variables available for all years using all data, another with variables available for all years plus those available after 1990 using only those patients operated on after 1990, another with variables available for all years plus those available after 1993 using only those patients operated on after 1993, and, finally, one with variables available for all years plus those available after 1997 using only those patients operated on after 1997. We synthesized information from these 4 bootstrap models to create a single parsimonious model. Variables missing during an extended period were treated as interactions with time and thus set to zero for that period. Values missing at random were filled using mean imputation (SAS PROC STANDARD; SAS Institute Inc), and missing value flags were forced into the final model.
Next, we augmented the parsimonious model with the most reliable predictors from clinically relevant groups to form propensity models (see eAppendix 3 for variables included in each propensity model). [17] [18] [19] For each patient, a propensity score was generated, representing the probability that the patient would be a Witness. Using the propensity score and preoperative hematocrit, we matched (using a "greedy" approach 21 ) each Witness with a non-Witness who received a transfusion.
We assessed association of Witness status with long-term mortality using a wholly parametric multiphase hazard method. 22 We selected this method because it nonarbitrarily decomposes hazard into time-overlapping temporal components based on the data and permits simultaneous assessment of risk factors (such as Witness vs non-Witness) in discrete time-based phases. The method enabled us to assess nonproportional hazards, a feature common to interventional procedures that carry transiently high early risk that subsides to considerably lower levels after a variable duration of recovery. Details regarding hazard function models and graphics are available at http: //my .clevelandclinic .org /professionals/software/hazard/default.aspx).
Unadjusted hospital outcomes were compared using the Fisher exact test for categorical variables and the Wilcoxon rank sum test for continuous variables, and comparisons between Witnesses and propensity-matched non-Witnesses who received transfusions (adjusted comparison) were performed using the paired McNemar test for categorical variables and paired t test for continuous variables.
All analyses were performed using SAS statistical software, version 9.1 (SAS Inc). All P values are 2-sided, with a value of .05 considered significant.
PRESENTATION
Categorical variables are summarized by frequencies and percentages and continuous variables by means and standard deviations or 15th, 50th, and 85th percentiles when values are skewed. Asymmetric confidence limits of nonparametric survival estimates and confidence bands around parametric estimates are equivalent to ±1 SE (68%). Comparison of outcomes of propensity-matched pairs used the McNemar test for binary variables and paired t test for continuous variables.
RESULTS
ASSESSING THE NATURAL EXPERIMENT
Witnesses, compared with non-Witnesses who received transfusions, were older; more likely to be women, black, more symptomatic, and nonsmokers; and had a higher preoperative hematocrit (eAppendix 4 and eTable). If the patients underwent coronary artery bypass grafting, surgeons were less likely to use the internal thoracic artery as a conduit. Propensity matching, which accounted for these differences, resulted in a group of non-Witnesses who received transfusions well matched to Witnesses (Table 1, Figure 1 , eAppendix 4, and eFigure 1).
NON-WITNESSES WHO RECEIVED TRANSFUSIONS VS WITNESSES
In unadjusted analyses, Witnesses had similar hospital mortality compared with non-Witnesses who received transfusions yet had statistically significantly lower occurrence of additional operation for bleeding, renal failure, and sepsis ( Table 2) .
After propensity matching, Witnesses and nonWitnesses who received transfusions had similar risks of in-hospital mortality, stroke, atrial fibrillation, and renal failure. However, Witnesses had lower occurrence of postoperative myocardial infarction, prolonged ventilation, and additional operation for bleeding; they also had shorter intensive care unit and postoperative lengths of stay ( Table 3) .
Survival estimates of Witnesses were 86%, 69%, 51%, and 34% at 5, 10, 15, and 20 years after surgery, respectively, vs 74%, 53%, 35%, and 23% among nonWitnesses who received transfusions. In unadjusted analyses, Witnesses had a lower hazard for death in the early and late hazard phases (P Ͻ .001; Figure 2) . After propensity matching, Witnesses had a lower risk of death in the early hazard phase (P = .007) but a similar risk of death in the late phase (P = .90) (Figure 3) .
COMMENT
PRINCIPAL FINDINGS
In
Witnesses offered us a unique natural experiment of the short-and long-term effects of severe blood conservation. We took into account perioperative transfusions by comparing immediate and long-term survival in Witnesses with those who received transfusions. In previous studies, investigators demonstrated that RBC transfusion is associated with increased risk for in-hospital morbidity and reduced short-and long-term survival. 1, 2, 23, 24 In our unadjusted comparisons, we found that Witnesses were at lower risk for adverse postoperative outcomes. Propensity-matched comparisons between Witnesses and patients who received transfusions yielded lower risks for selected postoperative outcomes in Witnesses. Witnesses had fewer postoperative myocardial infarctions, fewer episodes of postoperative ventilator support beyond 24 hours, fewer additional operations for bleeding, shorter intensive care unit and postoperative lengths of stay, and a lower hazard for in-hospital death.
CLINICAL IMPLICATIONS
It is important to examine care of a patient population managed differently not only out of concern for morbidity risk but also for possible adoption of management strategies that may benefit other patient groups. These strategies include routine use of erythropoietin, but this has been reported to be linked to increased risk of thromboembolic complications. 4 Extremes of anemia also have associated morbidity risk, 5, 6 as does additional operation for bleeding. 25 
STUDY LIMITATIONS
Like all observational studies, our analyses have limitations. We chose to use propensity matching and to ARCH identify a control group that received transfusions to minimize selection and referral biases. Nonetheless, propensity methods can account only for those variables that were available and properly recorded. We did not record data on many Witness care-specific practice variables that may have changed over time. Thus, our analyses do not allow us to identify which practices may have contributed to the outcomes. Finally, Witnesses who came to our center and who were accepted by our surgeons likely represent a select group who might have been expected by their physicians to have better outcomes.
CONCLUSION
In a unique natural experiment of severe blood conservation, Witnesses undergoing cardiac surgery at one major center experienced similar or even better short-and long-term survival than non-Witnesses. These patients differentiate themselves by specific process-of-care management strategies aimed at avoiding extreme anemia. Unique management of the Witnesses may have attendant risks; however, RBC transfusion carries risk as well.
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